abstract: While numerous efforts have been made to identify and quantify factors controlling invasibility of biological communities, less attention has been given to analyzing the expressions of vulnerability to nonindigenous species (NIS). Using the International Union for the Conservation of Nature and Natural Resources Red List database for birds, mammals, and amphibians and the Invasive Species Specialist Group global invasive species database as sources of information, we developed a new indicator for the relative intrinsic vulnerability of islands to NIS. It was calculated from the residuals to the global relationship between the impact of NIS and their exposure to the islands. The impact of NIS was expressed as the proportion of indigenous species threatened by NIS, and the exposure was the number of invasive NIS per number of native species. The residuals corresponded to the variability in impact, about 60%, that was not explained by exposure. The proportion of endemic species on the islands was positively correlated with the relative intrinsic vulnerability and explained about 60% of its variability. The robust relationship between endemism and intrinsic vulnerability reinforces the role of long-term isolation for the fate of island indigenous species to biological invasions and is useful in identifying vulnerable environments without having a specific invader in mind.
Introduction
The consequences of introductions of nonindigenous species (NIS) in a region manifest themselves in expressions of invasibility and impact. The former estimates the susceptibility of a recipient community in terms of the success of an invasion, while the latter specifies the effects on the recipient community and ecosystem processes. Differences in invasibility between communities are hypothesized to be linked to species diversity (Elton 1958; Lonsdale 1999; Naeem et al. 2000) ; disturbances (Hobbs and Huenneke 1992; Wiser et al. 1998) ; community productivity (Tilman 1993) ; fluctuating resource availability (Davis et al. 2000) ; environmental stress, such as low resource availability, extreme temperatures, and presence of toxins (Alpert et al. 2000 and references therein); phenotypic plasticity (Peacor et al. 2006) ; and proximity to human populations (Smallwood 1994) . Except for some widely cited examples of species extinctions (Worthington and Lowe-McConnell 1994; Rodda et al. 1997) , much less attention has been given to community properties controlling the impact of NIS on ecosystems.
With the focus of assessing the risk of future injury to a community or ecosystem by various stressors, NIS impact analyses have become integrated in vulnerability analyses. Whereas most scholars would agree on the broad definition of vulnerability as the degree to which the system is likely to experience harm or injury, the use of the term varies. In conservation biology, the probability of extinction of single populations or species may be used as a measure of vulnerability (McKinney 1997) . Other measures include sets of indicators of regional or countrywide vulnerability. The environmental vulnerability index (EVI), developed by Kaly et al. (2004) , combines the probability of a hazardous event in a given region, its intrinsic resistance, and its sensitivity to hazardous events based on previous damage. Here we suggest a method to determine the intrinsic vulnerability (IV; sensu Villa and McLeod 2002) of island communities from information on the impact by and exposure to NIS.
Isolation from the nearest mainland appears to be one of the most consistent predictors of the number of extinctions of bird species on oceanic islands (Blackburn and Gaston 2005) , and many cases of depauperate flora and fauna on remote and isolated islands are known (Elton 1958) . Isolation and remoteness is a combination that also qualifies as a vulnerability predictor, for several reasons. First, islands are often small territories with small populations that historically have faced a higher risk of extinction than mainland territories (Manne et al. 1999; Trevino et al. 2007) , and more isolated island communities are recolonized at a slower rate than the less isolated ones (Brown and Kodric-Brown 1977) . Second, less isolated and adjacent islands have a higher frequency of introductions of new species than more isolated and remote islands (MacArthur and Wilson 1963) . If extinctions and replacements of native species follow from introductions of new ones, communities on less remote islands will face a higher risk of replacement of the most susceptible species, so that their communities become more resilient to new introductions in the future (i.e., extinction filters; Rodriguez 2001) . The same reasoning may lend support to insularity as an explanation for the relative rarity of high-impact invaders in marine as opposed to freshwater systems (Cox and Lima 2006) .
Generally, long-term isolated communities with an evolutionary past with few introductions of new species may be less well adapted to sustain introductions of new species (Gordon 1998; Sakai et al. 2001) and contain a large proportion of endemic species (Begon et al. 1996) . Indeed, in freshwater fish, a community with a high proportion of endemic species has a high probability of impact by NIS (Ruesink 2003) , and endemic collembolan species are more vulnerable to artificial reforestation than are nonendemic species (Deharveng 1996) . Case (1996) used data from archipelagos worldwide to demonstrate that the number of introduced bird species is the most significant variable explaining the number of extinct species and that more than half of the variance of that correlation is explained by the number of endemic species.
There were two objectives of this study. First, we attempted to develop a measure for the intrinsic vulnerability of oceanic islands. It was calculated as the deviation from a predicted global relationship between the impact of NIS (the proportion of indigenous species threatened by NIS) and exposure to them (number of invasive NIS per number of native species). Second, we used the new measure to test the hypothesis that islands with a high proportion of endemic species have higher intrinsic vulnerability to NIS than those with low.
Methods

Collection and Selection of Data
The total number of bird, amphibian, and mammal species for single-country islands in the world was obtained from the International Union for the Conservation of Nature and Natural Resources (IUCN) Red List database expert search (http://www.iucnredlist.org/, December 2008; table 1). Other taxa had scattered data (C. Pollock, IUCN, personal communication) and were excluded from the analysis. Data on the number of species with the threat type invasive nonnative/alien species in the Red List categories "extinct," "extinct in the wild," "critically endangered," "endangered," and "vulnerable" were also collected. They were used to calculate the proportion of species threatened by NIS. Marine mammals, by virtue of their independence of islands for reproduction, were left out of the analysis. In the IUCN's database (December 2008) , no bird species are classified as threatened by NIS, but the descriptions of threats indicate that some species are. Therefore, we used the description text of range and major threats to assess NIS threats to island birds. The IUCN's Web page does not cover prehistoric and paleontological records. Species extinct after 1500 are included (e.g., the dodo on Mauritius) but not earlier extinctions (e.g., moa birds on New Zealand).
Data on the number of alien, nonmarine invaders were collected from the Invasive Species Specialist Group global invasive species database (http://www.issg.org/database, December 2008), which focuses on invasive species threatening biodiversity. Islands without NIS were not used in the analysis. Data on the total island area (km 2 ) were retrieved from the CIA World Factbook (https://www.cia.gov/ library/publications/the-world-factbook/, May 2008).
The number of endemic species and the total number of bird, amphibian, and mammal species were obtained for individual country islands from Groombridge (1992) and used to calculate the proportion of endemic species. We confined ourselves to surveying geographical islands because political borders limit data on endemic species, and species with small geographic ranges on the border of two countries would not be recognized as endemic and thus introduce a potential bias in the data from continental countries. Some islands were excluded from the analysis due to a data shortage in the proportion of endemic species (Groombridge 1992) , and 25 islands were finally used (table 1). Some logical shortcomings of the data still remain, such as comparing clusters of islands as one unit (e.g., the Philippines) with single islands (e.g., Cyprus).
Calculation of Intrinsic Vulnerability and Test of the Effect of Isolation
Our measure of intrinsic vulnerability was derived from the impact of invasive species and the exposure to them. The impact was defined as the proportion of all species within the taxa of birds, mammals, and amphibians threatened by NIS on an island, and the exposure was calculated as the number of invaders (all taxa) divided by the number of indigenous bird, amphibian, and mammal species for each island. The exposure term represents the likelihood that a native species encounters an invasive species. The measure may over-or underestimate the exposure since we use an approximation of the total number of indigenous species as the denominator. However, the numbers of birds, mammals, and amphibians are correlated ( 2 r p , , ) with the number of plant 0.84 y p 1.04x ϩ 1.04 P ! .001 Note: Total area in square kilometers (A; CIA World Factbook, https://www.cia.gov/library/publications/the-world-factbook/); numbers of bird, amphibian, and mammal species (S; IUCN Red List database, http://www.iucnredlist.org/); number of species threatened by nonindigenous species (T; IUCN Red List database); proportion of endemic bird, amphibian, and mammal species (E; Groombridge 1992); number of invasive nonindigenous species (NIS; Invasive Species Specialist Group, http://www.issg.org); and relative intrinsic vulnerability (IV) calculated from an assumed linear (IV l ), asymptotic (IV a ), exponential (IV e ), and sigmoid (IV s ) relationship between exposure (NIS/S) and impact (T/S) by NIS. species (log data in Groombridge 1992). A similar result was obtained for the North American continent by Currie (1991) . The species richness of different taxa is often less correlated on smaller spatial scales but tends to be more correlated at larger and global scales (Wolters et al. 2006) . The denominator should contain all invasive species since any of them may potentially affect a species of the three taxa. Alternatively, exposure can be calculated from the number of NIS per unit of area (or density of NIS), but the measure is biased by the dependence of the proportion of endemic species on island area (Harte and Kinzig 1997; Ulrich 2005) .
We made two assumptions about the theoretical relationship between exposure and impact. First, at zero exposure, impact was set to zero. Second, we took the global relationship between exposure (x) and impact (y) to be positive, such that impact increases as the number of NIS cumulates. A negative relationship, by which additional NIS reduce the effect of previous ones without forcing them to extinction, seems less likely, except in some examples on biological control (Thomas and Reid 2007) . A monotonically increasing function may find expression in different ways. One would be an asymptotic relationship, by which the impact approaches a saturation level as exposure is cumulated. Another option is a sigmoid function, by which the impact increases exponentially as NIS cumulate at low exposure levels. A third option would be a linear relationship between exposure and impact. Deviations from an estimated global relationship would be attributed to some unique vulnerability characteristics of the individual island, translated into overexpression or underexpression of the relative number of vulnerable species, so that the residual of each island reflects the relative intrinsic vulnerability to NIS. The residuals were obtained from the least-squares criterion applied to a linear (y p ), an asymptotic ( , ), and an expo- y p 0.075[1 Ϫ e ] (NIS/S, where S is the number of native species of birds, mammals, and amphibians) and impact by NIS (T/S, where T is the number of species threatened by NIS). The relationships were forced through origin, assuming that impact was zero at zero exposure. The residuals express the variability that cannot be explained by differences in exposure but represent the IV of the islands. Rescaled to zero, they are presented in table 1 as relative IV, assuming a linear (IV l ), asymptotic (IV a ), exponential (IV e ), and sigmoid (IV s ) relationship between exposure and impact. The islands of Europe (1-3) and the Lesser and Greater Antilles (8-15) are grouped in the left corner. The African islands, Madagascar (16) and São Tomé and Príncipe (17), and the Asian islands, Japan (4), Sri Lanka (5), Philippines (6), and Taiwan (7), have low exposure but differ largely in impact by NIS. The remaining islands are located in and differ widely in both exposure and impact but have in general a higher impact by NIS than the other islands. The islands of Niue and Tokelau were not included because they have !20 species and are short in endemic and threatened species. moid (IV s ) relationship between exposure to and impact from NIS.
Correlation analyses were made between endemism and the different measures of IV, and the contribution of endemism was estimated by the coefficients of determination, r 2 . The possibility that the contribution by endemism to IV was confounded by area or species richness was estimated by partial correlation analyses in which area or species richness or both were used as covariables. Finally, the IV was correlated with area and species richness, with endemism as a covariable. The multiple and partial correlation coefficients (r) and the statistical significance of them (P) were calculated in Statistica 6.1 (Statsoft, Tulsa, OK).
Results
The tendency of the bivariate scatter plot of exposure and impact of NIS on island species was positive ( fig. 1 ). The relative number of threatened species varied between 0% and 9% within less than a third of the maximal exposure but did not exceed 10% even for maximal exposure. The global distribution of data linking exposure and impact was best described by an asymptotic relationship (least sum of squares;
). The straight line, which was S p 0.008 yy the second best of the four models ( ), explained S p 0.014 yy 40% of the variability in impact, followed by the exponential and the sigmoid models ( ; fig. 1 ). The S p 0.021 yy remaining variability, unique to each island and expressed by the residual representing the relative IV of the island, was rescaled so that it varied between 0 (IV l , American Samoa) and 0.097 (IV l , Australia; table 1).
The proportion of endemic species on the islands was positively correlated with the relative IV. The coefficient of determination, r 2 , of the correlation was 0.63 (IV l ), 0.54 (IV a ), 0.62 (IV e ), and 0.58 (IV s ), meaning that the proportion of endemic species accounted for 50%-65% of the variability in IV. By assuming that the relative IV is dependent on the proportion of endemic species and not merely a correlation, the uncertainty about the true relationship between them was expressed by predicting the 95% confidence interval for a linear regression. Since the result was insensitive to the choice of model, we present the regression analysis with confidence and prediction interval for one of them only ( fig. 2) .
A 95% confidence in a linear relationship comes with a 30% uncertainty in IV (0.015 units) for a proportion of endemics in the range of 0.1-0.4 and with a 40% uncertainty when the proportion of endemics is 0.6-0.8 ( fig. 2) . The predictive power was much worse, and the uncertainty about the vulnerability of a new island with 10%-30% endemics added to the model would be about 0.06 units, or 160%. Thus, one would have to rely on a lower confidence to make a meaningful prediction of IV from a linear relationship to the proportion of endemic species or include parameters other than endemism, such as frequency of disturbances, to explain the variability in IV.
Log area and the number of indigenous bird, mammal, and amphibian species were positively correlated to the IV and explained 20%-40% of the variability in IV (table  2) . The correlation between IV and endemism was weaker when area and number of species were included as covariables (IV l , vs. 0.58; IV a , vs. 0.65; IV e , r p 0.80 r p 0.74 vs. 0.57; and IV s , vs. 0.51). However, r p 0.79 r p 0.76 the correlation between IV and area or number of species became insignificant when endemism was included as a covariable (table 2) . Taken together, the observations suggest that endemism may explain the correlation between IV and area or number of species and that the correlation between IV and endemism was robust and not masking a potential effect of area or number of species.
Discussion
The proposed usefulness of endemism as an indicator of intrinsic vulnerability of an island can find support in surveys of species extinctions as well as in predicted fate of species. The fraction of species at risk of extinction in U.S. states is dependent on the fraction of endemic species so that every 1% increase in endemic species increases the fraction of species at risk by 1% (Laband and Nieswiadomy 2006) . The EVI score gives credit to both anthropogenic factors (e.g., intense farming, coastal settlement, and population growth) and endemic species (Kaly et al. 2004 ). The conservation priority score for mammals in South Africa identifies endemism as one of four criteria (Freitag and Van Jaarsveld 1997) .
The correlation between the intrinsic vulnerability to NIS and the proportion of endemics ( fig. 2) emphasizes the role of long-term isolation, as previously put forward by Brown and Kodric-Brown (1977) and Rodriguez (2001) . The evolutionary implication of isolation for endemism and sympatry was expressed in the multiple regression analysis by Hamilton and Rubinoff (1963) in which isolation was the major factor regulating endemism in the Darwin finches, as originally considered by Lack (1947) . The same kind of conclusion was made by Mayr (1965) , observing the distribution of endemic avifauna on isolated subtropical and tropical islands and islands near mainland, and by Adler (1992) , who analyzed 30 tropical Pacific archipelagos for the distribution of endemic avifauna. These observations are also in agreement with early suggestions that endemism will increase with island isolation (MacArthur and Wilson 1963) and that, with increasing isolation, evolution is able to proceed faster than immigration (Williamson 1981) .
This interpretation of endemism in the light of isolation goes hand in hand with the application of the term "stability," defined by Cronk (1997) as "the tendency of biota, their interactions and community processes to persist in a given geographical area for long periods of time" (p. 483). He used it to suggest that continents have high "robustness stability," or short-term stability to extrinsic change, whereas isolated islands tend to have high longterm stability with relict species but lower short-term stability to extrinsic change (Cronk 1997) , such as the introduction of NIS. The high vulnerability to NIS by species on isolated islands may also come from traits evolved in the absence of interactions with immigrants, for example, flightlessness in birds in the absence of predators (McNab 1994) , exaggerated enemy release (Cronk 1997) , and specialization (Wijesinghe and Brooke 2004) . The vulnerability of endemic species may then arise from their geographically restricted distributions and isolation from many types of competitors, predators, and diseases. The isolation pertaining to islands also reinforces the connection between the age of an extinction event in the IUCN database and the evolutionary trajectory that the native species may have undergone in response to invaders. The present call for more attention to the long-term modulating effects of invasive species is supported by evidence accumulated during the last decade for rapid adaptation to a recipient community in the invader species and selection for new traits and novel genotypes in native species in response to invaders (Mooney and Cleland 2001; Lambrinos 2004; Strauss et al. 2006; Strayer et al. 2006; Whitney and Gabler 2008) . The time span covered by the IUCN database integrates extinction events during the past 500 years, which is sufficiently long to include evolutionary changes.
Area is another geographical property affecting the risk of extinction of species on islands. The proportion of threatened or extinct species is positively correlated with island area (Biber 2002; Blackburn et al. 2004; Trevino et al. 2007) , as opposed to the theory of island biogeography (MacArthur and Wilson 1967) , probably because most species extinctions and threats are associated with human natural resource extraction, which is likely to be more intense on larger islands than on smaller islands (Paulay Note: Data on log area; intrinsic vulnerability (linear, IV l ; asymptotic, IV a ; exponential, IV e ; sigmoid, IV s ); numbers of bird, mammal, and amphibian species; and the proportion of endemic bird, amphibian, and mammal species (endemism) are given in table 1.
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1994; Grayson 2001; Gaston et al. 2003; Trevino et al. 2007 ). Our vulnerability indicator has the same relationship to island area. Large islands, such as Australia and Madagascar, have a larger intrinsic vulnerability to NIS than the average island (table 1) , and the small islands in the Lesser Antilles, such as St. Kitts and Nevis, Grenada, and St. Vincent, have lower intrinsic vulnerability to NIS. A similar observation was made by Manne et al. (1999) , who found that the islands in the Lesser Antilles have a lower-than-expected number of threatened passerine birds. It may be so because the islands make up a tight band of pearls stretching from Grenada to the east of the Venezuelan coast, functioning as stepping stones for species from the mainland, filling out empty niches, and preventing the formation of communities with traits derived from long-term isolation. The largest islands, Australia and Madagascar, were once a part of Gondwanaland and may contain a large proportion of sensitive refugee species, which have gone extinct elsewhere. Case (1996) noticed that introduced species rarely occupy niches similar to those of native and endemic species that go extinct. He suggested that the correlation between introductions and native extinctions arises because native birds are usually more common to native habitats, while introduced birds occupy habitats disturbed or opened by human settlers. These and other hazards to native species are classified and separated in the IUCN database. Whether an identification of NIS as the primary hazard to a native species is biased by a correlation with habitat degradation by humans is difficult to tell from the individual assessments in the database. However, the opposite bias may be applicable to the Philippines, which are an outlier in the correlation analysis, with a high proportion of endemic species and a low intrinsic vulnerability to NIS (fig. 2) . The Philippines have a high human population density (266 individuals/km 2 ) and the second-highest proportion of species endangered by all threats (0.18; http://www .iucnredlist.org/, December 2008), so threats from invasive NIS may be overlooked. In addition, invasive NIS divided by the number of bird, mammal, and amphibian species is a substitute measure of exposure. An ideal measure would be the number and abundance of nonindigenous, invasive, and noninvasive species per area unit and time since arrival, but those data are unavailable.
Another thought of caution deals with the time frame of the vulnerability indicator. The IUCN database lists historic threats and extinctions in response to invasive species only, but if records of species lists from the past 5,000 years had been included in the indicator, the relative number of threatened species of birds, mammals, and amphibians would have been much higher than 10% ( fig. 1 ) because human colonization of islands was typically aligned with species extinctions. The first arrival of man on a landmass marks the onset of the increased extinction rate of natives (Martin and Klein 1984) , and the temporal resolution of prehistoric, posthuman fossil records on islands is sufficiently high to support the possibility that the invaders caused the extinction. Human colonization has been especially harmful to island biota (Blackburn and Gaston 2005) , and Steadman (1995) estimated that at least 8,000 bird species or populations went extinct on about 800 Pacific islands in response to human expansion. Species extinctions are mainly claimed to be due to overexploitation, habitat destruction, and colonization by invasive species. For instance, humans were accompanied by exotic predators, such as various rat species and the domestic cat, the spread of which coincided with the extinction of many small-bodied prey species (Hurles et al. 2003) .
Biological invasions are considered a major threat to species diversity, and predicting invasions and their magnitude of impact remains a difficult task. Basically, there are three options available. The first one is a speciesspecific approach in which potential invaders are identified, and species characteristics are used as indicators of invasiveness and impact on native fauna and flora. The second approach is site specific, in which valuable areas are identified, and environmental cues are used as indicators of vulnerability to NIS. A combination of site-and species-specificity approaches is a third possibility (Heger and Trepl 2003; Ricciardi and Atkinson 2004) . For example, predators are known to have a large impact on systems in which they were previously absent (Elton 1958) , and species with high impact are more likely to belong to unrepresented genera in the recipient region (Ricciardi and Atkinson 2004) . This study falls under the second approach and provides a way to identify vulnerable regions without having a specific invader in mind.
